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Finite-Difference Modeling of Two Aftershocks of the 1994 
Northridge, California, Earthquake 
by Craig W. Scrivner* and Donald V. Helmberger 
Abstract Recent evidence for nonlinear behavior of strong motions generated by 
the Northridge, California, earthquake r lies explicitly on the analysis of aftershock 
data. Thus, correcting these observations for propagational nd source effects be- 
comes a crucial step in these studies. Here, we demonstrate hat the dipping structure 
near the edges of the San Fernando Valley can strongly alter the local site responses, 
especially for shallow events. 
We model two aftershocks with similar epicenters, but with shallow (4 km) and 
deep (16 km) hypocentral depths. Waveforms from 12 portable instruments deployed 
across the basin and recording these events were processed and studied in the 0.3- 
4-Hz bandpass. For the shallow event, distinctive features are a broad direct S phase 
and large-amplitude surface waves at the basin stations, and high-frequency S phases 
at stations in the Santa Monica Mountains. The deep event is less strongly affected 
by the basin but displays strong evidence of the source radiation pattern. An array 
analysis indicates 2D propagation for most of the strong arrivals. Some of these 
features are explained by a simple 2D basin model containing a strong shallow con- 
trast, a factor of 2 jump in seismic velocity at a depth of 1 km within the basin, and 
a moderate deeper gradient. 
Introduction 
Over 7 weeks following the M 6.7 17 January 1994 
Northridge, California, mainshock, a deployment of more 
than 100 portable stations recorded many aftershocks. This 
deployment generated a data set of high-quality, digital 
waveforms recorded in and around the San Fernando basin 
(Edelman and Vernon, 1994). These data provide an oppor- 
tunity to do detailed analysis and modeling of the effects of 
the San Fernando basin on wave propagation. In this study, 
we examine how the interaction of seismic waves with the 
basin and the background structure differs for a shallow and 
deep source. 
The San Fernando basin is a 4-5-kin-deep sedimentary 
basin just north of Los Angeles (Fig. 1). The Northridge 
mainshock nucleated at a 16 to 19-km depth under the south- 
ern edge of the basin, and it ruptured updip to the northeast 
to about a 5-km depth (Wald et al., 1996). The majority of 
aftershocks were in the shallow region of this fault plane and 
in a shallow cloud above the fault plane (Hauksson et al., 
1995). Damage due to the mainshock was generally greatest 
in the northwest basin, though mitigated by the relatively 
sparse population in that area. Additional zones of heavy 
damage were just north of the Santa Monica Mountains in 
*Present address: California Division of Mines and Geology, 
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Sherman Oaks and south of the mountains in Santa Monica 
and the northern Los Angeles basin. Significant directivity 
effects amplified ground shaking on the northern side of the 
basin (Dreger, 1994). 
Wald et aL (1996) modeled the details of the source 
rupture process with a combined inversion of local strong 
ground motion, teleseismic, and geodetic data sets. For the 
local region, they used a 1D velocity model to generate syn- 
thetic Green's functions for the inversion. The source model 
they determined from the first 15-20 sec of local ground 
motions alone is consistent with models based on geodetic 
and teleseismic data sets and with the inversion of the com- 
bined data sets. Thus, the large-scale basin effects eem to 
be subdued compared to source ffects. 
Source studies of the Northridge aftershocks have been 
done with local and regional data by Hauksson et aL (1995) 
(first-motion data) and Thio and Kanamori (1996) (surface- 
wave data). Those two studies reached ifferent conclusions 
for a significant number of events. Song and Helmberger 
(1997) inverted the broadband TERRAscope data, both Pnl 
and surface-waves portions of the waveforms, to resolve 
these issues. Their results are more consistent with the depth 
and source parameters found by Hauksson et aL (1995) and 
are used in this study. 
Most of the aftershocks are farther north than the main- 
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Figure 1. Map of San Fernando basin and 
surrounding topography. Focal mechanisms of 
the aftershocks analyzed in this study are 
shown in lower-hemisphere projection. Trian- 
gles are seismic receivers used in this study. 
The thin black lines depict a few of the signifi- 
cant faults in the area. The star indicates the 
epicenter of the mainshock. The small square 
on the map of California indicates the location 
of the study region. I  addition to the station 
codes, the following locations are labeled: SFB, 
San Fernando basin; LAB, Los Angeles basin; 
T, Tarzana; SO, Sherman Oaks; SMM, Santa 
Monica Mountains; SM, Santa Monica. 
shock, in locations that are more likely to produce basin- 
edge effects. Pitarka and Irikura (1996) and Haase et aL 
(1996) calculated synthetic waveforms for 2D models to 
compare with waveform data from an aftershock at the north 
side of the basin, near the epicenter of the 1971 Sylmar earth- 
quake. Pitarka and Irikura' s model combines amodel of the 
San Fernando and Los Angeles basins similar to that in Vi- 
dale and Helmberger (1988) with a cross section from the 
3D tomographic model of the area by Zhao and Kanamori 
(1995). With this structure, they can explain some secondary 
arrivals at sites in the San Fernando basin and the Los An- 
geles basin. 
More recent reports have concentrated on the differ- 
ences in response between aftershocks and mainshock as 
recorded at the same sites. Strong site effects are eliminated 
by working with ratios, and these results demonstrate a de- 
pletion of high-frequency energy for the mainshock indica- 
tive of nonlinear effects (Field et al., 1997, 1998; Beresnev 
and Atkinson, 1998; Beresnev et al., 1998a, b; Cultrera et 
al., 1998; Su et al., 1998). While such results seem com- 
pelling, there are some other possible xplanations that could 
help explain the extreme variability. In particular, the radi- 
ation pattern differences are neglected, and path effects are 
corrected by a simple 1/R amplitude decay relation or 1D 
models. Both features are poorly understood in the primary 
frequency range of interest, 1-10 Hz, and it is difficult to 
perform meaningful improvements. 
In this report, we attempt o assess these features by 
concentrating on two aftershocks with similar epicenters, but 
with hypocentral depths of 3.6 and 16 km (Table 1). The 
two events are located in the northwest corner of the San 
Fernando basin (Fig. 1) and have distinctly different source 
mechanisms, as displayed. They were both recorded by the 
same set of stations so that differences in radiation pattern 
and path effects can be studied irectly and modeled to some 
extent. 
Data 
The waveforms analyzed and modeled in this study 
were recorded during the deployment of portable instru- 
ments following the Northridge mainshock. The deployment 
involved a number of institutions associated with the 
Southern California Earthquake C nter (SCEC) (Edelman 
and Vernon, 1994). It included both broadband and short- 
period velocity sensors, mad strong-motion accelerometers. 
GPS or Omega clocks were used to maintain timing accuracy 
at most sites, though a few stations had large timing errors, 
and some deployed instruments had only internal clocks, 
subject o drift. Over the period it was deployed, the portable 
network recorded 46 events with magnitudes over 4.0. 
The waveforms were integrated to displacement and 
bandpass filtered with corners at 0.3 and 4 Hz. The relatively 
short long-period corner of the filter was required for stable 
integration. The high-frequency corner of the filter is dic- 
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Table 1 
Events Analyzed and Modeled in this Study. The Source Parameters of Strike, Rake, Dip, and Moment are from Song 
and Helmberger (1997). The Depth is from Hauksson et al. (1995). 
Date Time Strike Rake Dip Moment Depth 
January 29, 1994 12:16:56.08 60 10 70 2.3 × 10 ~2 3.6 
January 27, 1994 17:19:58.58 120 90 10 4.3 X 102z 16.3 
tated by the onset of grid dispersion in the finite-difference 
synthetic waveforms that data will be compared against later. 
Timing of some records was adjusted to account for 
known timing errors and uncertainties atsome stations (Ed- 
elman and Vernon, 1994). The timing shifts are listed in 
Table 2. Station CWHP has a timing error of approximately 
2 sec identified by Edelman and Vernon. KMCH, KMNP, 
KMNH, KMAR, and KMVN ran on internal clocks and were 
subject o drift. We applied ad hoc timing adjustments o 
these records based on the timing of nearby stations with 
accurate timing. 
Waveforms from the shallow event (Fig. 2a) show in- 
dications of strong interaction with the basin. The stations 
can be grouped by distance into four clusters at <5 krn, 8 
krn, 14-17 kin, and 20-25 km. The direct shear wave on the 
tangential component is the dominant phase in the first clus- 
ter, stations KMCH and CWHP, with possibly ashallow basin 
multiple 3 sec behind the direct arrival. The second cluster, 
stations CSNR, KMNP, and KMNH, display the most obvious 
basin effects in the record section. On the tangential com- 
ponent, there are two or three cycles of basin-generated sur- 
face waves that can be correlated across the three traces. The 
third cluster, stations KMAR, SFYP, and KMVN, is spread 
across the north-central portion of the basin. The waveforms 
have relatively little coherence among them. KMVN records 
a late, large-amplitude pocket of energy starting 3-4 sec after 
the direct shear wave. The fourth cluster, stations NHFS, 
ETHY, LA01, and LA00, extends from the center of the basin 
south across the Santa Monica Mountains. The transition out 
of the basin, at station LA01, has surprisingly high amplitude 
and ringing phases after the direct shear wave on the hori- 
zontal components. 
Compared to the shallow event, waveforms recorded 
from the deep event (Fig. 2b) show relatively little effect 
from the basin. The deep event is approximately 5 km east 
of the shallow event, so the stations are about 3 km closer 
to the deep source than they are to the shallow source. In 
discussing the deep event data, however, the same clustering 
of stations as before can be used. At all stations, the direct 
shear wave is the strongest arrival. The second cluster of 
stations has a prolonged coda, but only a single discrete ar- 
rival 4 sec after the direct S that might be a basin-edge- 
induced multiple. The third station cluster has variable 
waveform amplitude, as in the case of the shallow source, 
and station KMVN again has a large-amplitude coda that 
starts 4 sec after the direct S. In the fourth station cluster, 
Table 2 
Time Shifts Applied to Data from the Two 
Northridge Aftershocks 
Event Station Shin (sec) 
January 29, 1994, CWHP - 2.0 





January 27, 1994, KMNP - 0.8 
17:19:58.58 KMNH -0.6 
station LA01 again has large-amplitude ringing immediately 
after the direct S. 
Despite the waveform comparison that suggests waves 
from the deep source do not interact strongly with the basin, 
the pattern of peak amplitudes i  quite similar for the two 
events. In the second cluster, CSNR has the largest horizontal 
amplitudes for both events, and KMNP and KMNH share very 
similar amplitudes. In the third cluster, SFYP has the smallest 
and KMVN has the largest amplitudes. In the fourth cluster, 
LA01 has the largest amplitudes on all three components. 
As noted earlier, the waveforms from stations KMVN and 
LA01 also indicate some extreme local site complexity. 
The cluster of stations CSNR, KMNP, and KMNH is 
tightly enough spaced that an array analysis based on the 
coherence of the wave shape can be applied. We used the 
technique mployed by Frankel et al. (1991) in the Santa 
Clara Valley on data from a dense array that recorded after- 
shocks of the 1989 Loma Prieta earthquake. This involves 
cross-correlating the waveforms in order to find the back- 
azimuth and apparent velocity of a plane wave that best fits 
the timing of phases in the waveforms. Unfortunately, sta- 
tions KMNP and KMNH ran on internal station clocks and 
the raw timing is inaccurate. We assume that the direct S 
wave arrives on azimuth from the source with an apparent 
velocity of 3 km/sec for the shallow event and 4 km/sec for 
the deep event, and set the timing of KMNP and KMNH rela- 
tive to CSNR. An analysis of surface waves with low appar- 
ent velocities is insensitive to the exact values assumed for 
the direct arrival (S. E. Hough, personal comm.). The anal- 
ysis is applied repeatedly on a narrow, sliding time window. 
We use a 1.25-sec window, which is similar to the dominant 
period of the basin-generated waves. The analysis is applied 
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Figure 2. Record sections of tangential-component displacement waveforms for the 
two aftershocks used in this study. Station names are on the left of each trace. Peak 
amplitudes (in cm) are on the right. Records are shown in absolute time, where avail- 
able, with the origin at 5 sec. Stations with unknown timing are shifted as needed 
relative to a station with known timing. Waveforms are plotted in absolute amplitude 
scaled by range from the source. 
every 0.5 sec along the waveforms. Only points for which 
the correlation is greater than 80% are shown. 
The array analysis for tangential component records of 
the shallow event is shown in Figure 3. Apparent velocity 
(Vapp), initially constrained to a value of 3 km/sec, fluctuates 
and gradually decays to below 1 km/sec. In the first 4 sec 
after the direct S phase, spanning the largest amplitude basin 
reverberations, the backazimuth of arriving energy fluctuates 
slightly but stays between the station-epicenter backazimuth 
and north (a 60 ° range). Further into the records, the back- 
azimuth shifts rapidly between arriving on azimuth, arriving 
from the south, and arriving from the northeast. The number 
of windows in which the correlation is high falls toward the 
end of the records where the waveform amplitudes are low 
and coda has developed. 
The array analysis for tangential records of the deep 
event is shown in Figure 4. Compared to the shallow event 
analysis, there are fewer time windows with waveform cor- 
relations greater than 80%. This indicates that the basin is 
producing fewer coherent phases with high energy. Wave 
fronts from a deep source should be subhorizontal with high 
Vapp. Therefore, it is interesting to note that where the back- 
azimuth is nearly on azimuth, Vap  tends to be higher. Off- 
azimuth arrivals are similar to those seen for the shallow 
event, from the south and from the northeast. Energy arrives 
from the south with low Vapp immediately after the direct S 
wave. This suggests a weak scatterer just south of the station 
cluster, rather than energy propagating all the way from the 
south edge of the basin. Energy from the northeast arrives 
later in the record and could be explained by the main struc- 
ture of the basin further from the stations. 
Modeling 
We used a forward modeling, trial-and-error approach 
to model the waveforms. Synthetic waveforms were calcu- 
lated for each working model by a two-dimensional finite- 
difference numerical technique (Vidale et al., 1985; Helm- 









-~ 120 o 
60 
0 
12:16 (CSNR, KMNP, KMNH Cluster) 
5 10 15 
t 
Time (Seconds) 




0 00000 000000 0 
20 




S lowness :  -0.0025 s/m to 0.0025 s/m 
Corre lat ion  > 0.8 
Figure 3. Array analysis for the shallow event of 
the tangential component at station cluster CSNR, 
KMNP, and KMNH. Apparent velocity and backazi- 
muth are determined. The trace from CSNR is shown 
for reference. The line at 300 ° indicates the true back- 
azimuth of the stations to the source. Only points from 
time windows with station cross-correlation greater 
than 0.8 are shown. 
berger and Vidale, 1988). The algorithm is a centered-grid 
scheme, fourth order in space and second order in time, with 
absorbing boundary conditions (Clayton and Engquist, 
1980). Attenuation is not incorporated in the code. The re- 
sponse for an arbitrary double-couple source can be calcu- 
lated. For the two events, the source parameters of Song and 
Helmberger (1997) were used (Table 1), which are similar 
to those found by Hauksson et aL (1995). The 0.3- and 0.2- 
sec triangle source time functions were convolved into the 
waveforms for the shallow event and the deep event, re- 
spectively. 
After each calculation, we compared the synthetic 
waveforms with the data waveforms and made adjustments 
to the model. The distinctive features in the data discussed 
earlier were the focus of the modeling. Some features ug- 
gested a starting point for the modeling. The surface waves 
2 sec after the direct S at CSNR, KMNP, and KMNH (and the 
lack of such phases at KMCH and CWHP) suggest the basin 
edge starts a few kilometers from the source. The surface 
waves have 1-sec period, and this implies a strong gradient 
within the basin. The Hilbert transformed direct S phases at 
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Figure 4. Same as Figure 3, but for the deep event. 
The true backazimuth of the cluster is 320 °. 
LA01 and LA00 suggest a gradient beneath the basin to 
generate a triplication effect. The abrupt ermination of basin 
phases from ETHY to LA00 in conjunction with the onset of 
the Hilbert transformed direct S at LA01 and LA00 place 
some constraints on the southern edge of the basin. 
Our preferred model for this cross section through the 
San Fernando basin is shown in Figure 5. The basin is de- 
fined by two zones of high-velocity contrast. The shallow 
event is just below the bottom of the basin. The high-contrast 
interface at about 1 km is a midbasin gradient hat controls 
critical reflection basin-edge trapping. The bottom of the ba- 
sin at 3.5 km turns a greater percentage of energy radiated 
from the source up into the basin-edge structure. This shal- 
low basin-edge structure controls the timing and period of 
the surface waves. The interfaces 2 to 3 km below the source 
critically reflect energy 20 to 25 km from the source and 
form a triplication phase. Turning this energy up sharply 
around the southern edge of the basin requires a gradient 1 
to 3 km beneath the surface of the Santa Monica Mountains. 
A shallow dip on this edge of the basin tends to direct basin- 
trapped energy under the Santa Monica Mountains rather 
than along the surface (i.e., the tunneling effect reported by 
Vidale and Helmberger [1988]). 
Figure 6 shows record sections of observed and syn- 
thetic waveforms for the shallow event. The variation in 
waveform as a function of distance is fit fairly well. There 
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Figure 5. Two-dimensional model of the 
Northridge basin used to generate synthetic 
waveforms. Range and depth in kilometers. 
Squares indicate the two source locations used 
in the calculations. Triangles are receiver lo- 
cations for the stations in this study. For each 
layer, the cornpressional velocity, shear veloc- 
ity, and density are listed from left to right. The 
velocities have units of km/sec, and density has 
units of g/cm 3. 
are multiple cycles in the surface-wave group following the 
direct shear wave at stations CSNR, KMNP, and KMNH. The 
relative amplitude of the surface waves to the direct arrival 
is correct on the tangential component, hough not on the 
radial and vertical components. Also, the ratio of peak am- 
plitudes of the tangential to radial component is good. At 
stations KMAR, SFYP, and KMVN, the most notable feature 
is the amplitude of KMVN relative to the other two stations. 
On the tangential component, his amplitude and waveform 
variation is fit quite well. However, on the radial and vertical 
synthetics, there is little variation between the stations. Fi- 
nally, the variation in the direct shear wave between stations 
NHFS, ETHY, LA00, and LA01 is fit by the triplication struc- 
ture below the source. The flip in polarity on the tangential 
component at ETHY is not fit. The extreme variation in ring- 
ing phases from NHFS to LA01, in shape, period, and am- 
plitude is not fit by this model. We discuss this at more 
length in a later section. 
Across the three components, the amplitudes of the data 
at the first pair of stations are poorly fit by the synthetic 
waveforms. However, the error is not systematic in a way 
that suggests a change in the model. The large variation be- 
tween components at KMCH can be explained by a source 
SV minima and SH maxima on this azimuth. Synthetics for 
the second cluster of stations are about half that of the data 
on the radial and tangential components but a little high on 
the vertical component. As previously mentioned, at the 
third cluster of stations, the variations among the stations are 
fit well in waveform and amplitude on the tangential com- 
ponent but not on the other components. The tangential com- 
ponent synthetics for KMAR and SFYP are affected by an 
SH node along the azimuth to those stations. If a different 
source mechanism is applied to the synthetics, for example, 
the mechanism of the deep event, then amplitudes are similar 
to those at station KMVN (Fig. 7). 
In the data, the ringing on KMVN must be explained by 
some other phenomenon that effects both SH and P-SV 
waves. For the last cluster of stations, the high amplitudes 
in the data on the radial and tangential components of LA01 
are not generated by the model. Instead, stations LA00 and 
LA01 have similar amplitudes. The low velocities on the 
radial and vertical components of the synthetics of these two 
stations are due to the SV node at this azimuth. The data 
seem less sensitive to this node. Overall, the synthetic wave- 
form amplitudes are much more sensitive than the data to 
nodes in the source radiation pattern and indicate that at 
stations KMVN and LA01, some additional phenomenon 
(small-scale 3D) is probably occurring to increase data am- 
plitudes and complexity. 
Figure 8 shows record sections of the observed and syn- 
thetic waveforms for the deep event. The synthetics for the 
deep event are characterized by simple waveforms domi- 
nated by the direct shear wave. Moderately sized multiples 
(less than 50% of the amplitude of the direct arrival) are 
generated at sites in the basin. On the tangential component, 
the largest amplitudes are seen at the second cluster of sites 
(CSNR, KMNP, and KMNH). On the radial component, he 
largest amplitudes are at the first two stations. The vertical 
waveforms are relatively subdued (note that this component 
is plotted at twice the amplitude to improve viewing); neither 
the direct P nor the direct S phase stands out consistently 
from the coda. These features in the synthetic waveforms are 
a good match to the data. 
In the data, the polarities of the third station cluster on 
the radial component are problematic. SFYP appears to be 
flipped, but the synthetics are consistent with the SFYP po- 
larity. This suggests a combination of polarity problems in 
the data and an inaccurate source mechanism used in the 
synthetics with the node crossing occurring between KMNH 
and KMNR. The shallow event does not clarify the problems 
with these stations because of the long-period noise at KMAR 
and KMVN and the emergent direct S arrival at SFYP. In the 
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Event: 12:16 [Displacement, Bandpass 0.3 to 4 Hz] 
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Figure 6. Observation and synthetic record sections of displacement waveforms for the shallow 
event, 29 January 1994, 12:16:56.1. Station names are on the left of each trace. Peak amplitudes 
(in cm) are on the right. Records are shown in absolute time, where available, with the origin at 5 
sec. Stations with unknown timing are shifted as needed relative to a station with good timing. 
Waveforms are plotted in absolute amplitude scaled by range from the source. Note that the ver- 
tical-component data are plotted with a factor of 4 magnification, and the vertical-component 
synthetics are plotted with a factor of 2 magnification. This is done to improve the visibility of the 
vertical waveforms. 
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Figure 7. Example of variations in synthetic 
waveforms with changes in source mechanism param- 
eters. The source location, depth, and moment of 
event 12:16 are used for all synthetics. The label on 
the left indicates whether the strike, rake, and dip of 
12:16 or I7:19 was used. 
fourth station cluster, on the tangential component, he po- 
larity of direct S seems to be flipped at ETHY, but this could 
be caused by a local site response. This behavior is also seen 
for the shallow event (Fig. 6). 
In the data for both the shallow and deep events, the 
amplitudes and waveforms at stations LA01 and KMVN ap- 
pear anomalous. As mentioned earlier, the contrast of SFYP 
and KMVN on the tangential component of the shallow event 
could be explained as a source effect. However, the source 
mechanism does not explain the radial component at these 
stations or either of the components atstation LA01. For the 
deep event, the source mechanism does not explain the large 
coda and high peak amplitudes at either LA01 or KMVN. 
The most likely explanation is shallow site response. LA01 
is in Sherman Oaks, an area which suffered significant dam- 
age in the Northridge mainshock. Hartzell et al. (1996), in 
a study of site response in the San Fernando and northern 
Los Angeles basins, found strong but variable site effects in 
Sherman Oaks. They suggest both the amplitude and varia- 
tion of the effect could be explained by Quaternary deposits 
of the Los Angeles River. Station KMVN sits in the center 
of the San Fernando basin on a broad, coarse alluvial surface 
(Tinsley and Fumal, 1985). The surface geology does not 
immediately differentiate his site from those of surrounding 
stations. Unlike at LA01, the large coda at KMVN does not 
start immediately after the direct S arrival. Also, the ringing 
is at a lower frequency than at LA01. These factors uggest 
that the site response at KMVN is due to a somewhat deeper 
and broader structure. 
Model Sensitivity 
In contrast to full 3D finite-difference alculations, 2D 
finite-difference calculations can be done much more rap- 
idly. We take advantage of this feature of 2D modeling to 
explore the model parameter space. Here we compare syn- 
thetic waveforms for models perturbed away from our pre- 
ferred model (Fig. 9). We show data and synthetics for the 
station most strongly affected by that portion of the model. 
In each case, the waveforms are lined up on the direct shear 
wave of the data and normalized to the same amplitude to 
aid in comparison of wave shape. Only the tangential com- 
ponent and waveforms from the shallow event are shown. 
The upper basin controls the surface waves 2 sec after 
the direct shear wave at stations CSNR, KMNP, and KMNH. 
The effect of changes to the velocity contrast at this inter- 
face, the point of onset of the basin edge, and the depth to 
the bottom of the upper basin are shown in Figure 10. The 
propagation is least strongly effected by changes to the point 
of onset of the basin edge (Fig. 10b). Altering the velocity 
contrast across the basin and changing the depth of the basin 
produce similar, strong effects. The preferred model has a 
basin that starts at 0.5 km depth and goes down to 1-km 
depth (Fig. 10c). Hence, dropping the bottom by 0.4 km adds 
almost 50% to the basin depth, and raising the bottom by 
the same amount almost completely removes the basin. With 
a deeper basin, the energy is trapped into a nearly harmonic 
packet. In comparison to the data, the surface-wave packet 
in this synthetic is a bit short in duration and high in fre- 
quency. This waveform is remarkably similar to the syn- 
thetic from the model with the original basin depth but with 
15% greater velocity contrast across the interface (Fig. 10a). 
Clearly, trade-offs can be found between basin parameters. 
The synthetics from the very shallow basin and the reduced 
contrast models indicate conditions in which basin phases 
are not trapped. The contrast of 1.3 km/sec over 2.0 km/sec 
is still fairly high, but the shallow basin structure isnot tuned 
for critical angle reflections and basin resonance with these 
velocity parameters. 
The second interface in the model is effectively the bot- 
tom of the lower basin. We examine the impact of variations 
in this structure at a station in and just beyond the basin in 
Figure 11. In our final model, the basin is flat on the leading 
edge and ramped up at the trailing edge. Figure 1 la indicates 
the insensitivity of source-receiver geometry of this data set 
to the dip on the leading edge of the deep basin. The model 
is quite sensitive, however, to the depth of the basin relative 
to the source (Fig. 1 lb). This interface turns energy up from 
the source into the leading edge of the upper basin. When 
the basin bottom is moved up away from the source, the 
amount of energy in the upper basin surface waves is re- 
duced. Also, the duration over which energy enters the upper 
basin is changed. 
The direct shear wave that arrives at the trailing edge 
of the basin leaves the source as down-going energy and 
turns without significant distortion by the basin. The direct 
S arrival in the records at LAO1 and LAO0 is phase shifted 
relative to stations in the basin. In our model, we explain 
this phase shift as a triplication formed by a gradient below 
the source. This phase is sensitive to the structure just be- 
Finite-Difference Modeling of Two Aflershocks ofthe 1994 Northridge, California, Earthquake 1513 
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yond the upper basin because arrivals from two interfaces 
have to arrive in sync (Fig. 1 lc). In particular, the preferred 
and the flat interface models for the trailing basin edge in- 
troduce a phase shift to the first arrival, while the model in 
which the trailing edge reaches the surface does not. This 
indicates that a velocity gradient is needed in the Santa Mon- 
ica Mountains at a few kilometers depth to turn seismic 
waves around the basin. 
Figure 12 suggests the sensitivity of this phase to the 
depth of the interface that produces it. This phase should 
also be sensitive to the velocities across the interface. It de- 
pends on seismic waves turning at critical angle and reaching 
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Figure 12. Effect on the waveform at LA01 from 
changes to the depth of the interfaces below the 
source. 
sites just beyond the basin. The sites involved are just 20- 
25 km from the source, so this geometry is fairly tightly 
constrained. 
Discussion 
The cross section we have modeled runs from the north- 
west corner of the San Fernando Valley to the southeast and 
into the central Santa Monica Mountains. Vidale and Helm- 
berger (1988) modeled ata from the 1971 Sylmar earth- 
quake over a cross section from the northeast corner of the 
basin, in the 1971 epicentral region, south and west into the 
Los Angeles basin. Haase et al. (1996) and Pitarka and Iri- 
kura (1996) modeled aNorthridge aftershock along a similar 
cross section. These lines pass over a deeper portion of the 
San Fernando basin, in the northeast, han we sample with 
our data set. Nonetheless, it is useful to compare our model 
with these earlier esults. 
Vidale and Helmberger (1988) based their model on 
borehole data that constrains the depth and seismic velocities 
of portions of the basin (Duke et aL, 1971). The model has 
a fairly constant gradient hroughout the basin from V~ = 
0.6 km/sec in the top 0.5 km to 1.8 km/sec at 4 kin. There 
is a stronger gradient at the bottom of the basin from 1.8 to 
3.5 km/sec over less than a kilometer. The background 
model is from Kanamori and Hadley (1975), with V~ = 4.0 
km/sec at about 8 km. We have a similar depth of basin, but 
with lower contrast across it (V~ = 2 to 3 km/sec). In the 
midbasin, we have a stronger contrast at 1 km depth. Below 
the basin, our model is 0.5 km/sec slower from 4 to 6 kin. 
Our model does not include a region with 4 km/sec at greater 
depth as suggested by Kanamori and Hadley (1975). 
Haase et al. (1996) took their cross section from a 3D 
tomographic model of the southern California crust. It was 
an earlier version of the more recently published 3D model 
of Hauksson and Haase (1997). The velocities in the top 0.5 
km of the original tomographic model were reduced by 50% 
to account for the insensitivity of the tomographic model to 
shallow velocities. In the San Fernando basin, this results in 
a minimum shear velocity of about 1 krn/sec. The strongest 
gradient in the model is at about 3 km depth with the velocity 
rising from 2.5 to 3.3 km/sec. Haase et al. (1996) comment 
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that this gradient may be a residual effect of the starting 
model in the tomographic nversion, but it is consistent with 
the depth of basin in our model. This gradient extends across 
the entire tomographic section, including into the Los An- 
geles basin. A velocity of about 3.5 km/sec extends down 
as far as 8 km in the San Fernando basin in the tomographic 
model, which seems inconsistent with the structure we need 
to generate the phase-shifted direct S arrival beyond the ba- 
sin. In the most recent omographic model of Hauksson and 
Haase (1997), the depth profile in the east Ventura basin has 
a strong gradient in P velocity from 4 to 6 km depth. This 
is more consistent with the depth of the gradient below the 
basin in our model. 
Pitarka and Irikura (1996) patched together a shallow 
basin structure based on that in Vidale and Helmberger 
(1988) and a cross section from the 3D tomography of the 
San Fernando basin from Zhao and Kanamori (1995) for the 
deeper crustal structure. We have already commented on 
the basin component of this model. Excluding the top 5 km 
of the cross section from Zhao and Kanamori, which are 
replaced by the Vidale and Helmberger (1988) structure, the 
model has Vp = 5.6 to 6.2 km/sec and Vs = 3.2 to 3.6 krn/ 
sec down to about 20 km under the San Fernando Valley. 
This is significantly slower than the background 1D model 
of Vidaie and Helmberger. It is similar to velocities in our 
model, but lacks the gradient around 5 to 6 km in our model 
that generates the triplication phase beyond the basin. 
In addition to the models used in these 2D studies, 3D 
calculations for the response of the Los Angeles and San 
Fernando basins have been done by Olsen et aL (1995) and 
Olsen and Archuleta (1996) with a 3D model by Magistrale 
et al. (1996). Magistrate t al. constructed a geology-based 
3D velocity model of the Los Angeles area. Their model for 
the San Fernando basin has since been refined (Magistrale, 
personal comm., 1997). The new model has a strong upper 
basin gradient from V~ = 1 to 2 km/sec at about 1 km depth, 
but the deep basin in this model is 1 to 2 km shallower than 
ours. Outside the basin, shear velocities are about 3 km/sec 
with a slight vertical gradient. The velocity jumps to 3.5 km/ 
sec at 5.5 km. This is based on the Hadley and Kanamori 
(1977) model for the crust in the Transverse Ranges. The 
depth and velocity contrast of this interface is similar to the 
gradient producing the triplication in our model. 
The variation in background seismic velocity structure 
in the three models previously described is fairly large. The 
waveform modeling in this study indicates that data sets 
from shallow earthquakes atlocal distances may have fea- 
tures that can constrain this structure. Of the models dis- 
cussed here, our model is most consistent with the back- 
ground structure in the model of Magistraie t al. (1996). 
The variation among the models of the basin-fill struc- 
ture is significant. Wald and Graves (1998) compared ata 
from the 1992 Landers earthquake with synthetic waveforms 
at periods >2 sec produced by three 3D models of the Los 
Angeles, San Fernando, and San Gabriel basins. They looked 
at the early version of the 3D tomographic model used by 
Haase et al. (1996), at the geology-based model of Magistrale 
et al. (1996) (which included the earlier version of their San 
Fernando basin model), and at the model of Graves (1996) 
based on seismic modeling studies. For the San Fernando 
basin, there are significant differences in the models of the 
basin-fill seismic velocities and the effective depth of the 
San Fernando basin. Of the three models, synthetics based 
on Graves' model fit wave shape, duration, and amplitude 
in the San Fernando basin markedly better than the other 
two. In the San Fernando basin, Graves' model has only a 
few layers, with a reasonably strong gradient at 0.5-1 km 
depth going from 1 to 1.5-2 km/sec, and a strong contrast 
at the bottom of the basin, which dips below 5 km depth. 
Our modeling requires a strong gradient in the upper 
basin and a moderately deep (4 kin) depth of the entire basin. 
The most recent Magistrale model for the San Fernando Val- 
ley and Graves' model have strong gradients in the upper 
basin. Our depth for the entire basin fails between the two 
models. However, our depth of basin is constrained primar- 
ily relative to the depth of source because it is the tendency 
of this interface to turn energy up toward the upper basin 
edge that is reflected in the data. 
Hough et aL (1995) find large variations in Northridge 
aftershock waveforms from earthquakes just a few kilome- 
ters from each other. One event, about 6 km deep, has large 
basin-edge-generated surface waves. Two others within a 
few kilometers of the first one, one at 2 km and the other at 
10 km, have almost no basin-generated phases. This indi- 
cates a strong sensitivity of the waveforms to the source- 
receiver geometry. They suggest his sensitivity is due to 
complex basin-edge structures and that either near-verticai 
arrivals deficient in SV energy may be particularly sensitive 
to this structure and fail to generate Rayleigh waves effec- 
tively or variations in the dip of the basin/basement i terface 
will control where surface waves are generated. Figure 13 
shows the sensitivity of the response of our model to source 
location. Shifting the source even halfway under the basin 
edge removes most basin effects on the tangential compo- 
nent. This demonstrates that simple 2D models are sensitive 
to source location, and, even for SH waves, the variation can 
be dramatic. Also, in our study on the aftershock of the 1987 
Whittier Narrows earthquake, we point out the sensitivity of 
basin-edge phases to the vertical radiation pattern of the 
CSNR 
Data I 
3km Left 1 
Actual J 
3km Right 
I .... I 
10 Seconds 
Figure 13. Effect on the waveform at CSNR from 
horizontal shifts in the source location, 
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source (Scrivner and Helmberger, 1994). Energy in the di- 
rect arrival and the basin-generated phases are leaving the 
source at different ake-off angles, particularly when the 
source is just below the basin. Therefore, the vertical radi- 
ation pattern of the source can have a significant impact. Of 
course, the sensitivity of the waveforms to source charac- 
teristics is potentially quite useful. Changes in source loca- 
tion and mechanism can illuminate different portions of the 
basin cross section. 
For the foregoing reasons, shallow events produce the 
most problematic recordings with respect o correcting for 
propagation. In fact, even estimating the depths of shallow 
earthquakes is difficult, as discussed in Luccio et al. (1999). 
Thus, we suggest that some of the recent analyses for non- 
linearity in Northridge strong motions test their results 
against deep events and shallow events eparately. Because 
deep events have less of a chance of producing edge effects 
than shallow events, we would expect hese results to be the 
most meaningful. However, to separate propagational be- 
havior from nonlinearity requires 3D models because after- 
shocks and main events eldom sample identical paths. To 
achieve this level of accuracy at 5 Hz remains avery difficult 
problem. 
Conclusions 
A strong contrast is seen in the data from the two North- 
ridge aftershocks studied here. The deep event is mostly in- 
sensitive to the basin; the strongest path effects are near- 
receiver inging and amplifications. Waveforms from the 
shallow event record large basin-generated surface waves 
with periods that are explained by strong gradients in the 
upper basin. The waveforms also indicate interactions ofthe 
wavefield with structure below the basin. They also show 
site response ffects imilar to those for the deep event. Ar- 
ray analysis of the largest basin surface waves indicate they 
are on azimuth from the source and can be modeled with a 
2D structure. 
The data is fit well by a model with a slow upper basin 
down to 1.5 kin, a deeper basin clown to 3.5 km, and a 
gradient in the background model at 5.5 km depth. The ve- 
locity contrast between the upper and lower basins needs to 
be large to generate multiple cycles in the surface waves. 
The velocity contrast and depth of the upper basin are sen- 
sitive parameters of the upper basin, whereas the waveforms 
are less sensitive to the steepness of the basin edge. The 
location of the bottom of the deep basin, relative to the 
source, is an important parameter. The closer this interface 
is to the source, the more energy from the source is turned 
up into the basin. The gradient beneath the basin, at 5.5 km 
depth, reflects energy around the basin and introduces a rt/2 
phase advance to the direct arrival. In addition, agradient is 
needed under the Santa Monica Mountains to turn the energy 
sharply around the basin. 
A comparison has been made with other models that 
have been used in 2D and 3D waveform simulations. The 
gradient at 5.5 km depth is also in the background model of 
Magistrale t al. (1996) and is essentially the model of Had- 
ley and Kanamori (1977) for the central Transverse Ranges. 
Our basin model is bracketed by the most recent San Fer- 
nando basin model of Magistrale, and the model from 
Graves (1996). Both have strong gradients in the upper ba- 
sin, but the depth of overall basin is shallower and deeper 
than ours, respectively. Two-dimensional modeling may be 
useful for refining 3D models of sedimentary basin, allowing 
us to determine points of particular sensitivity in models for 
a given data set. 
As efforts are made to improve existing 3D models of 
the southern California crust, a variety of data sets will be 
used to constrain the structure of basins. In some portions 
of the basins, at shallow to moderate depths, borehole logs 
will place precise constraints on material properties and pos- 
sibly depth-to-basement rock. To complete the coverage of 
the basins, interpolations will be made based on geologic 
cross sections, tomographic models, active seismic lines, and 
other data. Modeling broadband seismic waveforms has the 
potential to indicate where impedance contrasts are needed 
in models and the strength of contrast needed. As the number 
of earthquakes recorded by modern digital instruments in- 
creases, the azimuthal coverage of basins by waveform data 
will improve. Waveform data should be given a significant 
role in the development of future 3D models. After all, the 
primary application of 3D velocity models of sedimentary 
basins is to simulate ground motions at these periods. 
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